We measured time differences between P-wave arrivals and the times at which squared amplitudes of high bandpass (2-4 Hz) filtered P-waves became the largest for large shallow earthquakes that occurred during the period 1995-2007. The time differences were then normalized by twice the centroid time shift for the corresponding earthquakes. We found that most of the seismograms had normalized time differences that congregated at about 50% (corresponding to centroid time shifts). Few normalized time differences were found in the 0-20% range. These results support the use of this time difference to infer the order of the source duration and, thereby, the effectiveness of the duration measurement procedure of the high-frequency energy radiation that we recently developed.
Introduction
It is important to be able to rapidly determine earthquake magnitudes in order to issue tsunami early warnings. The results of studies carried out since the occurrence of the devastating Sumatra earthquake on December 26, 2004 suggest that durations of P-wave high-frequency energy radiation can be utilized to quantify the sizes of earthquakes (e.g., Lomax, 2005; Lomax and Michelini, 2005; Ni et al., 2005; Park et al., 2005; Chen et al., 2006; Lomax et al., 2007) . We have recently developed a method to determine earthquake magnitudes using durations of P-wave high-frequency energy radiation and maximum displacement amplitudes (Hara, 2007a) . We have also shown that this method is applicable to tsunami earthquakes (Hara, 2007b) .
In this method, we measure the difference between Pwave arrival time and the time when the squared amplitude of a band-pass filtered time-series becomes the largest and use this difference to infer the order of the source duration. This time difference is used to determine the appropriate length of a time window for smoothing the time-series to allow a better determination of the duration of high-frequency energy radiation from seismograms. Hara (2007a) showed that this procedure was applicable to large earthquakes, including the December 26, 2004 Sumatra earthquake. In the study reported here, we investigated the distribution of this time difference, which hereafter we call the peak time, and discuss the effectiveness of our smoothing procedure.
Data
The selection criteria for earthquakes to be analyzed in this study were: (1) the earthquake occurred between Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
1995 and September 2007; (2) the focal depth was shallow (≤50 km); (3) the moment magnitude in the Global CMT catalog (http://www.globalcmt.org/) is ≥7.2; (4) the centroid time shift (i.e., difference between the origin time and centroid times) is ≥10 s. We adopted the fourth condition taking the larger effect of the coda wave for a shorter source time into consideration (e.g., Ritter et al., 1997) . Hara (2007a) showed that for the November 3, 2002 Denali earthquake, his measurement procedure extracted only the initial thrust subevent, the high-frequency energy radiation duration of which was about 17 s. Therefore, we did not include this event in the dataset. A total of 68 earthquakes were selected. We retrieved BHZ channel waveform data of the Global Seismograph Network (GSN) stations for these earthquakes from IRIS DMC. Following Ni et al. (2005) , we used data from stations within the epicentral distance range of 30-85
• to avoid scattering due to the upper mantle or D structures (Shearer and Earle, 2004) .
Measurement Procedure
We measured peak times (defined above as differences between P-wave arrival times and times when the amplitudes of the band-pass filtered P-waves become the largest) as follows. The steps of this measurement procedure are the same as the first five steps used by Hara (2007a) . After the baseline correction was carried out, we applied the band-pass filter with corner frequencies of 2 and 4 Hz. We then squared each data point of the time-series. We picked P-wave arrivals using a STA/LTA approach, where the duration for STA was 0.2 s, that for LTA was 10 s, and the threshold value of the ratio STA/LTA for P-wave detection was 25. After this automatic picking was carried out, we checked observed seismograms and processed time series; then, if necessary, we corrected P-wave arrivals. We discarded noisy data in this step. Finally, we found the peak of the time-series from the arrival of P-waves within a given 
Results
Figure 2(a) shows all of the measured peak times as a function of centroid time shifts (i.e., differences between origin times and centroid times), which are likely to correlate with source times. There is a tendency that peak times increase as centroid time shifts increase, which is not surprising considering the longer source durations. There is also a tendency-with a few exceptions-that the shortest duration for a certain earthquake increases as the centroid time shifts increase. For the case of the 2004 December 26 Sumatra earthquake, the shortest peak time is 39.1 s. In order to investigate relation between peak times and source durations, we normalized the measured peak times by twice the centroid time shifts, which are rough guesses of source times (Fig. 2(b) ). There are few data points in earlier parts (say, 0-20% of the vertical scale), while the observations concentrate around 50%, which corresponds to the centroid time shifts.
In order to observe the distribution of the normalized peak times more clearly, the frequencies of the peak times are shown in Fig. 3 for three cases: (1) only events whose centroid time shifts are less than 20 s; (2) only events whose centroid time shifts are ≥20 s and <40 s; (3) only events whose centroid time shifts are ≥40 s. The frequency distributions for these three cases are similar to each other, although the tail in case (1) is longer, which is likely to be due to the larger effect of coda waves for shorter source durations. The common features among these three cases are the low frequency in the range of 0-20% and the high frequency around 50%. Therefore, if we use peak times to obtain a rough guess for the source time of a certain earthquake with data from a few tens of stations, the approach will work well in most cases owing to these characteristics. This is the reason why the smoothing procedure of Hara (2007a) worked well, where one-sixth of peak times were used as the width of moving window average.
Discussion
We have shown that only a small percentage of the seismograms had normalized peak times in the range 0-20% and that most of the seismograms had normalized peak times near 50% or about the centroid time shift. shows the frequency of the mean normalized peak times calculated for each earthquake. There is no earthquake for which a mean normalized peak time is in the range of 0-30%. Therefore, if we use this mean, it may be possible to reduce the probability to underestimate the duration of highfrequency energy radiation, although it will take a longer time to determine magnitudes. There are four events for which the mean normalized peak times exceed 100%: the 1998 March 25 Antarctic, 2002 March 5, 2002 October 10, and 2005 July 24 earthquakes. For the 1998 March 25 Antarctic earthquake, the results of some studies suggest that this earthquake consisted of two large subevents (e.g., Henry et al., 2000) , and it is likely that the measured peak time corresponds to the second subevent. For these events, the measured durations of high-frequency energy radiation are in the range of 167-218% of twice the centroid time shifts, which may lead to possible errors of magnitude estimates up to 0.23 following the magnitude formula of Hara (2007a) . The actual differences between the moment magnitudes of the Global CMT catalog and the magnitudes obtained by the procedure of Hara (2007a) are within 0.15 for these events. Therefore, we find no serious problems in determining the magnitudes of these earthquakes, although it is desirable to improve our duration measurement procedure for these cases. Figure 4 (b) and (c) show the frequencies of the mean Fig. 3 . The frequencies of the normalized peak times from only events whose centroid time shifts are less than 20 s (a), only events whose centroid time shifts are ≥20 s and <40 s (b), and only events whose centroid time shifts are ≥40 s (c).
normalized peak times for the thrust events and those for the strike slip events. We followed Frohlich and Apperson (1992) to classify focal mechanisms. Since there are only two normal fault events in our dataset, we did not show their frequency. It seems that there is a tendency for the mean normalized peak times for strike slip events to be larger that those for thrust events. However, it is difficult to draw a definite conclusion given that the number of strike slip events is much smaller than that of the thrust events in our dataset. The frequencies shown in Figs. 3 and 4 imply that the high-frequency energy radiation is weak in the vicinity of rupture starting regions. The systematic determination of spatial and temporal distributions of high-frequency energy radiation for a set of earthquakes considering seismic wave propagation and site effects using techniques such as the empirical Green's function method (e.g., Gusev et al., 2007) will be an interesting issue to be studied in future research.
